Molecular Structure
Pectins have been isolated from various plant tissues and organs (O'Neill et al., 1990) . Immature tissues or suspension-cultured cells are used as a source of primary walls to elucidate the structure and function of pectins in plants, whereas pectin for commercial use is typically extracted from citrus peel and from the insoluble material after the juices have been expressed from sugar beets and apples.
Pectins are solubilized by treating primary walls or tissues with hot water, hot dilute acid (1% nitric acid for 3 h at 708C), cold dilute alkali (pH 10 for 4 h at 48C), chelating agents and/or enzymes (e.g. endo-a-1,4-polygalacturonase; EPGase). Pectins solubilized with dilute acid are often structurally modified owing to the hydrolysis of acid-labile substituents, whereas alkaline extraction may cause partial demethyl-esterification and degradation of the polymer by b-elimination reactions. Such structural modifications are minimized by using chelating agents or homogeneous enzymes to solubilize pectins. Nevertheless, the chelatorand enzyme-solubilized pectins are unlikely to have identical structures to pectins in the wall. Pectins may be contaminated with other polysaccharides irrespective of how they are solubilized and can be purified by a combination of anion-exchange and size-exclusion chromatographies. A pectin is considered chemically homogeneous when it elutes from a chromatography column as a peak with a constant chemical composition, even though it may be heterogeneous with respect to its molecular mass.
The primary structure of a pectic polysaccharide is known only when the following characteristics have been determined: (1) the glycosyl-residue composition; (2) the glycosyl-linkage composition; (3) the absolute configurations (d or l), the ring forms (pyranose [p] or furanose [f] ), and the anomeric configurations (a or b) of the glycosyl residues; (4) the sequence of glycosyl residues; and, (5) the location of non-carbohydrate substituents (e.g. O-methyl and O-acetyl groups).
To date only three pectic polysaccharides (homogalacturonan, rhamnogalacturonan and substituted galacturonans) have been isolated from primary cell walls and . Acknowledgements structurally characterized (O'Neill et al., 1990; Visser and Voragen, 1996) . The glycosyl residues that are present in pectins are shown in Figure 1 .
Homogalacturonan (HG) is widely accepted to be a linear chain of 1,4-linked a-d-galactopyranosyluronic acid (GalpA) residues in which some of the carboxyl groups are methyl-esterified ( Figure 2 ). HGs may, depending on the plant source, be partially O-acetylated and contain other, as yet, unidentified esters.
Rhamnogalacturonans are a group of pectic polysaccharides that contain a backbone of the repeating disaccharide !4)-a-d-GalpA-(1!2)-a-l-Rhap-(1!. These polysaccharides are usually referred to as rhamnogalacturonan I (RG-I) in the literature, although other terms such as 'hairy regions' are used. The backbone GalpA residues may be O-acetylated on C2 and/or C3, but there is no evidence that the GalpA residues are methylesterified. Between 20% and 80% of the rhamnosyl (Rhap) residues are, depending on the plant source and the method of isolation, substituted at C4 with neutral or acidic oligosaccharide side-chains ( Figure 3) . The length of these side-chains may range from a single glycosyl residue to more than 20 glycosyl residues. The side-chains predominantly contain linear and branched a-l-arabinofuranosyl (Araf), and b-d-galactopyranosyl (Galp) residues, although their relative proportions may differ depending on the plant source. Other glycosyl residues including a-l-
and phenolic acids such as ferulic acid may also be present in some of the sidechains (Figure 3) .
Substituted galacturonans (SGs) are a group of polysaccharides that contain a backbone of linear 1,4-linked ad-GalpA residues (O'Neill et al., 1990 
The glycosyl residues that are known to be present in the three pectic polysaccharides that have been isolated from plant cell walls.
Pectic Substances
nans, which are present in the walls of reproductive plant tissues (e.g. apple and pine pollen), contain b-d-xylosyl (Xylp) residues attached to C3 of the backbone. Apiogalacturonans, which are present in the walls of some aquatic monocotyledons (e.g. Lemna and Zostera), contain b-dapiofuranosyl (Apif) residues attached to C2 of the backbone either as a single Apif residue or as the
A third substituted galacturonan, which is referred to as rhamnogalacturonan II (RG-II) in the literature, is present in the walls of all higher plants (O'Neill et al., 1990) . RG-II is not structurally related to RG-I, which has a backbone composed of the repeating disaccharide !4)-a-d-GalpA-(1!2)-a-l-Rhap-(1!. RG-II contains 11 different glycosyl residues including the unusual sugars 3-C-carboxy-5-deoxy-b-l-xylose (aceric acid; AcefA), 2-keto-3-deoxy-dmanno-octulosonic acid (Kdo), 2-keto-3-deoxy-d-lyxoheptulosaric acid (Dha), Apif, 2-O-Me-Xylp, and 2-OMe-Fucp (see Figure 1) . The RG-II backbone contains at least seven 1,4-linked a-d-GalpA residues, some of which may be methyl-esterified. Two structurally different octasaccharides are attached to C2 of the RG-II backbone (see A and D in Figure 4 ) and two structurally different disaccharides are attached to C3 of the backbone (see B and C in Figure 4 ). The locations on the backbone of the side-chains with respect to the particular GalpA residue to which the side-chains are attached have not been established. Recent studies have shown that RG-II is present in the primary wall predominantly as a dimer that is crosslinked by a borate ester ( Figure 5 ). Despite the complexity of RG-II, its structure appears to be conserved in the walls of all higher plants.
Biosynthesis of Pectin
Pectin biosynthetic studies have not been particularly revealing, perhaps in part owing to the structural complexity of these polysaccharides (Mohnen, 1998 synthesis of pectic polysaccharides in the Golgi apparatus has been demonstrated using autoradiography and immunocytochemical localization. The synthesized pectins are transported from the Golgi in vesicles that migrate to, and fuse with, the plasma membrane. The polysaccharides are released into the extracellular space and may then be incorporated into the wall. In some plant tissues and cells a portion of the pectin is not incorporated into the wall but is secreted as a water-soluble polysaccharide. For example, pectic polysaccharides are present in the growth media of some suspension-cultured plant cells. Pectin, in addition to other polysaccharides, may also be secreted by the cells of mucilage-secreting tissue (e.g. root caps). The factors that control the incorporation of pectins into the wall have not been determined, nor is it known whether pectins are structurally modified prior to or after their incorporation into the wall. Pectins are believed to be synthesized from nucleoside diphosphate (NDP)-monosaccharides (e.g. UDP-GalpA). In growing tissues, the NDP-monosaccharides (e.g. NDPGalpA, -Rhap, -Galp, -Araf, -GlcpA, -Fucp, -Xylp, -Apif) are predominantly formed from UDP-Glc (or UDP-Man) via nucleotide-sugar interconversion pathways. For example, the glucosyl residue of UDP-Glc is enzymically oxidized at C6 to generate UDP-GlcpA, which is itself enzymically epimerized at C4 to generate UDP-GalpA. Kdo is probably formed by the condensation of phosphoenolpyruvate (PEP) and d-arabinose and then converted to its CMP-derivative by CMP-Kdo synthase. A precursor of Dha may be synthesized by condensation of PEP and d-threose, or Dha may be formed from CMPKdo. The formation of 2-O-Me-Xylp and 2-O-Me-Fucp has not been investigated. It is not known whether Oacetylation or O-feruloylation of a monosaccharide occurs at the NDP-monosaccharide level or whether esterification occurs after a glycosyl residue has been attached to pectin.
The synthesis and interconversion of NDP-monosaccharides is catalysed by enzymes located predominantly in the cytosol. The NDP-monosaccharides are transported by NDP-monosaccharide translocators into the Golgi apparatus, where they become available to glycosyltransferases. Glycosyltransferases catalyse the transfer of a glycosyl residue from an NDP-monosaccharide, in an anomeric-and linkage-specific manner, to a mono-, oligoor polysaccharide. Pectin biosynthesis requires many different glycosyltransferases ( 4 50), but only a few of these enzymes have been even partially characterized. For example, a preparation of membrane proteins contains a putative galacturonosyltransferase (polygalacturonate-1,4-a-galacturonosyl transferase; PGA-GalAT). Membrane-bound PGA-GalAT transfers GalpA from UDPGalpA to an endogenous primer and generates a highmolecular mass product. In contrast, a solubilized PGAGalAT transfers only a single GalpA residue onto the nonreducing end of an exogenous acceptor containing at least nine 1,4-linked a-d-GalpA residues. This has led to the suggestion that PGA-GalAT is a multicomponent, membrane-bound synthase complex and that solubilization disrupts the complex.
Some of the putative transferases (e.g. galactosyltransferase, arabinosyltransferase, and apiosyltransferase) required for the synthesis of the oligosaccharide side-chains of pectins have also been partially characterized. These side-chains may be synthesized directly on the backbone since there is no evidence that they are first assembled on lipid intermediates, as are bacterial polysaccharides and
[C] 
the N-linked oligosaccharides of plant and animal glycoproteins.
Enzymes that catalyse the methyl-esterification of HG (HG methyltransferase, HGA-MT) have been partially characterized. HGA-MT catalyses the transfer of CH 3 from S-adenosylmethionine to the carboxyl group of a 1,4-linked a-d-GalpA residue. HG is hypothesized to be secreted into the wall in a highly esterified form where it may then be partially de-esterified in a developmentally controlled manner by pectin methylesterases or other as yet unidentified enzymes. Methyltransferases that catalyse the methylesterification of the 1,4-linked a-d-GalpA residues of RG-I and RG-II backbones have been reported, but additional evidence is required to substantiate these claims. No O-acetyltransferases or O-feruloyltransferases involved in pectin biosynthesis have been characterized.
Enzymic Degradation of Pectins
Enzymes that fragment and modify pectins are produced by numerous organisms including plants, fungi and bacteria (Visser and Voragen, 1996) . The pectolytic enzymes produced by plants are believed to modify the properties of the wall during cell growth and tissue development, while those produced by phytopathogenic fungi and bacteria facilitate penetration and colonization of plant tissue. Microbial pectolytic enzymes are also involved in the breakdown of plant biomass in soil, aquatic environments and the lower digestive tracts of animals. Pectin-degrading enzymes are used commercially in many processes, including the production of wines and for the clarification of fruit juices.
Pectins are fragmented by hydrolases and lyases. Hydrolases (exo-and endoglycanases) cleave glycosidic bonds by hydrolysis. Exoglycanases (e.g. exopolygalacturonase, EC 3.2.1.67) typically release a glycosyl residue from the terminal nonreducing end of a polymer (see (a) in Figure 6 ) whereas endoglycanases (e.g. EPGase, EC 3.2.1.15) hydrolyse internal glycosidic bonds, thereby generating oligosaccharide fragments (see (b) in Figure 6 ). Lyases fragment acidic polysaccharides by a b-elimination reaction that generates oligosaccharides containing a D4,5-unsaturated residue at the terminal nonreducing end. Pectin lyases (EC 4.2.2.10) and pectate lyases (EC 4.2.2.2) fragment regions of methyl-esterified HG and unesterified HG, respectively (Figure 7) , while rhamnogalacturonan lyase fragments the sterically unhindered regions of the RG-I backbone (Figure 8 ). Pectin structure is modified by pectin methylesterases (EC 3.1.1.11) that release methanol from methyl-esterified GalpA (e.g. -C-O-C(O)H 3 !-COOH 1 CH 3 OH), by O-acetyl esterases (e.g. rhamnogalacturonan acetylesterase) which release acetic acid from an O-acetylated GalpA residue (-C-O-C(O)CH 3 !-C-OH 1 CH 3 COOH), and by O-feruloylesterases that release ferulic acid from the side-chains of RG-I. 
Functions of Pectin in the Cell Wall
The walls of growing plant cells were for many years considered to provide mechanical strength by being rigid and inert structures (0.1-1 mm thick). This view has gradually changed following the first detailed model of the primary wall proposed in 1973 (Keegstra et al., 1973) . The primary walls of dicots and non-graminaceous monocots are now believed to consist of a rigid, rod-like cellulose/xyloglucan load-bearing network that is embedded in, and interacts with, a compression-resistant, hydrated pectin network (Carpita and Gibeaut, 1993) . Small quantities of structural glycoprotein are often intercalated into these networks, as are enzymes and phenolic esters. The walls of the Poaceae also consist of these two interacting polysaccharide networks. However, these walls contain considerably less pectin, much of the xyloglucan is replaced by glucuronoarabinoxylan, and phenolic esters are present to a much greater extent (Carpita and Gibeaut, 1993) . The reader should not, however, be left with the impression that a plant cell is 'imprisoned' by its wall. Cell-to-cell contact is, with the exception of stomatal guard cells, maintained by plasma membrane-derived pores (plasmodesmata) that pass through the walls. These complex intercellular organelles are believed to be important in cellular communication as they regulate the intercellular movement of low-molecular mass compounds, proteins and RNA. Information on how HG, RG-I and RG-II are linked together in the wall is largely lost when they are solubilized by chemical or enzymic treatments. However, the formerly held notion that HG chains are interrupted by the insertion of a single Rhap residue between regions containing 20 to 30 GalpA residues is almost certainly incorrect. HG and RG-I may be covalently linked together since they are both solubilized by treating walls with EPGase, although no oligosaccharides containing the disaccharide repeating unit of RG-I attached to fragments of HG (e.g. GalA-RhaGalA-Rha-GalA-GalA-GalA) have been isolated and structurally characterized. Moreover, there is no evidence that HG is glycosidically linked to the side-chains of RG-I. On the other hand, HG and RG-II are likely to be covalently linked since they both have 1,4-linked a-dGalpA backbones. The backbone of EPGase-solubilized RG-II has been shown to contain up to fifteen 1,4-linked ad-GalpA residues, providing indirect evidence that RG-II is linked to HG. HG has been reported to contain, in addition to methylesters, other as yet unidentified esters that may crosslink HG to other wall polymers. HG and RG-I have also been reported to be covalently linked to cellulose, xyloglucan, and/or structural glycoproteins, but additional evidence is required to substantiate these claims. The notion that HG, RG-I and RG-II are covalently linked together in the cell wall, if correct, raises several questions about how such a complex is synthesized. Is the complex synthesized directly, or are HG, RG-I and RG-II synthesized separately and then linked together in the Golgi? Are HG, RG-I and RG-II synthesized separately and then secreted into the wall where 'polymerases' link them together? Evidence for wall-located polymerizing enzymes is for the most part lacking, although phenolic ester crosslinking of pectins is believed to be catalysed by wall-bound peroxidases. A crosslinked pectic network may be generated in the wall by borate ester crosslinking of RG-II (see Figure 5 ), although there is no evidence that the ester is formed enzymically (O'Neill et al., 1996) .
The distribution within growing walls of pectins has been studied in some tissues and cells. Cytochemical and immunochemical localization techniques have provided evidence that the middle lamella is enriched with HG and RG-I. RG-I and HG with a low degree of methylesterification are particularly enriched in corner junctions and regions of wall surrounding air spaces. RG-II is distributed throughout the wall, although it may be enriched at sites proximal to the plasma membrane. Fourier-transform infrared spectroscopic analysis of tissues and single cells (McCann et al., 1995) and immunocytochemical localization studies suggest that the distribution and the structure of pectin may differ in a celland tissue-specific manner and that the pectin structure may be developmentally regulated.
Plant cell expansion and growth, which is driven by internal turgor pressure, must be accompanied by the controlled expansion of the wall. Walls extend rapidly and irreversibly by a process of 'polymer creep' that is believed to involve the breaking and reforming of load-bearing bonds, although the nature of these bonds is not known. In order for the wall not to lose strength or to become much thinner during elongation growth, the existing wall architecture must also be modified to allow the incorporation of newly synthesized polymers. Numerous mechanisms to explain wall expansion have been proposed. These include the hydrolysis of pectin, xyloglucan and cellulose by wall glycanases; a decrease in the amount of Ca 2 1 -crosslinked pectin; a change in the orientation of pectin molecules within the wall and an increase in their degree of methyl-esterification; the activity of PME; the activity of wall transglycosylases (e.g. xyloglucan endotransglycosylase); the presence of proteins (e.g. expansins) that have been proposed to promote growth; and the hydrolysis and reformation of borate ester-crosslinked RG-II. However, none of these proposals provides an unequivocal explanation for wall expansion.
The middle lamella is particularly enriched in pectins where the ability of pectins to form crosslinks between themselves and possibly other wall polymers is important for cell-cell adhesion. Plant developmental processes such as fruit ripening, leaf and fruit abscission, and pod dehiscence all require a reduction in cell-cell adhesion. This may be regulated in part by the enzymic modification and fragmentation of pectin (Hadfield and Bennett, 1998) . For example, ripening and softening of tomato fruit is correlated with the production of EPGase. EPGases, however, are not responsible for ripening-associated softening since transgenic tomato fruits containing 5 1% of the normal EPGase activity ripen normally. Nevertheless, these fruits have improved storage characteristics since tissue integrity is maintained during fruit senescence. Normal ripening also occurs in transgenic tomato plants with reduced PME activity, but there is a significant decrease in tissue integrity during fruit senescence, and the fruits are more susceptible to microbial attack (Hadfield and Bennett, 1998) . The role of other pectin-modifying enzymes (e.g. endo-and exogalactanases, and acetylesterases) in fruit ripening has not been determined.
Pectins are the predominant polyanion in primary cell walls and affect the ionic environment of the wall. HG has an affinity for divalent cations such as Ca 2 1 , although other cations such as Mg 2 1 also bind to HG. HG also has an affinity for Pb 2 1 , Ba 2 1 , Sr 2 1 , La 3 1 and Al 3 1 , and the toxic effects of these cations may be due in part to the displacement of Ca 2 1 from HG and the subsequent alteration of wall pectin properties. The borate estercrosslinked dimer of RG-II has an unusually high affinity for large divalent (e.g. Figure 7 Mode of action of endopectate lyases and endopectin lyases. Endopectate lyases cleave glycosidic bonds adjacent to an internal non-methylesterified GalpA residue (a). Endopectin lyases cleave internal glycosidic bonds adjacent to a methyl-esterified GalpA residue (b). Both enzymes cleave the glycosidic bond by b-elimination and generate oligosaccharides terminated at their nonreducing end with a D4,5 unsaturated residue (4-deoxy-b-L-threoenopyranosyluronic acid).
known whether this cation binding ability has a function in the wall. It is not known whether RG-I has specific cationbinding properties. Pectins have an affinity for polyamines (e.g. spermidine and spermine) that are present in cell walls, although the biological significance of their interactions, if they occur, has not been established. The size of molecules that can diffuse through the wall may be regulated by controlling the pore size of the wall. The size of these pores (4-9 nm) has been proposed to be correlated with pectin structure and with the formation of borate ester-crosslinked RG-II, although other factors such as the pH and ionic status of the wall are also likely to be important. Enzymic modification of pre-existing wall pectins has a major effect on calcium-pectin interactions. For example, the walls of young, rapidly growing tissue and cells contain highly esterified HG that does not gel readily. In the walls of older, nongrowing tissues, calcium crosslinks may contribute to the overall increase in wall rigidity since the HG is less esterified, presumably owing to the action of pectin methylesterase.
Numerous phytopathogenic fungi and bacteria produce EPGases and pectin/pectate lyases that facilitate the penetration and colonization of their plant hosts. These enzymes fragment cell wall pectins and generate lowmolecular mass oligosaccharides including those composed of 1,4-linked a-d-GalpA residues (oligogalacturonides, OGAs). OGAs are a carbon source for the pathogen but they are also signal molecules that are perceived by, and elicit host defence responses in, plant cells (Darvill et al., 1992) . Plants are known to produce proteins that specifically inhibit fungal EPGases and promote the accumulation of biologically active OGAs. The mechanisms by which plant cells perceive OGAs are not known, although biological activity is correlated with the presence of an unmodified reducing terminus and with the degree of polymerization (DP) of the OGA. For example, OGAs with DPs between 10 and 15 induce rapid and long-term defence-related responses in plant cells and tissues ( Table 1) . The rapid (1-2 min) responses, which include membrane H 1 /K 1 /Ca 2 1 flux, membrane depolarization, membrane protein phosphorylation and an oxidative burst, are transient (1-4 h) and may initiate long-term responses. The ability of OGAs to induce rapid membrane responses has led to the suggestion that plant membranes contain OGA receptors. Evidence for a putative membraneassociated OGA-binding protein has been obtained in potato. This protein may have homology with viral movement proteins that interact with plasmodesmata, although the biological significance of this homology is not known. OGAs with DPs between 10 and 15 also induce morphogenetic changes in plant tissues ( Table 1) . This has led to the suggestion that OGAs are a class of endogenous plant growth regulators (Darvill et al., 1992 have biological activity, although no compelling evidence has been obtained to substantiate such a claim.
Pectin Gels
The ability of pectins to form gels or increase the viscosity of liquids is the basis for their commercial use (Thakur et al., 1997) . Pectins containing HG with a low degree of methyl-esterification (low-methoxy pectins) gel in the presence of calcium, whereas high-methoxy (HM) pectins gel at low pH in the presence of high concentrations of a cosolute such as sucrose. High-methoxy pectins are of considerable importance in the food industry since processed fruit products (e.g. jams and jellies) are acidic and contain a high concentration of sucrose. HG chains in solutions and gels are believed to adopt a 2 1 helix conformation (two GalpA residues per 3608 turn of the helix), while a 3 1 helix (three GalpA residues per 3608 turn of the helix) may predominate in the dry state. The HG chains do not intertwine, as in DNA, but line up alongside one another. In the presence of Ca 2 1 , regions of HG become ionically crosslinked (junction zones) to form a network in which water molecules are entrapped. At low Ca 2 1 concentrations, two HG chains are linked by tightly bound Ca 2 1 . Cooperative binding of Ca 2 1 occurs in regions containing more than ten contiguous nonesterified GalpA residues and further stabilizes the junction zones. In the presence of excess Ca 2 1 , the junction zones may consist of multiple crosslinked HG chains. Gel formation by HM pectins also involves the formation of junction zones, although the mechanisms are less understood. The formation of these junction zones, which is promoted by a sucrose-induced decrease in water activity, most likely involves hydrophobic interactions between methyl ester groups and hydrogen bonding between the glycosyl residues of the HG chains. HM pectin gels are weaker than LM pectin gels and their stability decreases with increasing temperature. The properties of pectin gels are also affected by the charge distribution along the HG backbone, the average molecular mass of HG, the ionic strength of the solution, and the nature of the crosslinking cation. Gel formation is inhibited by O-acetylation of HG and by the presence of RG-I regions attached to the HG.
The properties of pectins are altered by their interaction with other ionic polymers. For example, thermoreversible gels are formed from mixtures of HM pectin and alginate (an acidic algal polysaccharide). In fruit juices, pectins and soluble proteins interact to generate colloidal aggregates that affect the processing characteristics and the texture of the product. These effects are minimized by treating the juices with pectin-degrading enzymes. Pectins are potentially useful as pharmaceutical products since they have been shown to influence serum cholesterol levels and to induce various immune responses, and because they can bind toxic heavy metals (Visser and Voragen, 1996) . For example, most if not all of the Pb 2 1 present in wines is tightly bound to the borate estercrosslinked RG-II dimer (Pellerin et al., 1997) ; the dimer is a major polysaccharide component of wine. Pectin sulfate prolongs blood clotting and can be used in place of heparin, although its toxicity prevents its extended use. Pectin gels may also have use as slow-release drug carriers.
The last 20 years have seen considerable progress in our understanding of the roles of pectin in the growth and development of plants and of their value as food and pharmaceutical products. Nevertheless, there is still much to be learned about these complex plant polysaccharides and future research will no doubt provide information that is both useful and intriguing.
